A squaraine rotaxane scaffold with four alkyne groups is readily converted into a range of dendritic architectures using high-yielding coppercatalyzed alkyne azide cycloaddition (CuAAC) chemistry. A convergent synthesis approach is more efficient than a divergent pathway. Dendritic squaraine rotaxanes with peripheral amine groups can be further functionalized to produce multivalent deep-red fluorescent derivatives that exhibit high brightness and outstanding chemical stability in biological solution. The surface groups on these functionalized fluorescent dendrimers include guanidinium, mannose, and phosphatidylcholine.
Most published synthetic approaches directly attach the fluorophores to the dendrimer periphery, which is a straightforward strategy to execute but a difficult way to control the fluorophore stoichiometry. 3 Furthermore, peripheral attachment of dyes can be problematic because the dye molecules are exposed to environmental quenching effects and chemical attack. Bioimaging performance can also be weakened because the appended dyes may alter targeting ability. 4 These potential problems are avoided by using a fluorescent core scaffold, and the literature contains scattered reports of this architecture, primarily for light harvesting or oxygen photosensitization.
2,5 Here, we describe the synthesis of fluorescent dendrimers that have a squaraine rotaxane as the fluorescent core. We are developing squaraine rotaxanes as high performance, deep-red fluorescent probes for various types of bioimaging applications. 6 The rotaxane structure provides outstanding steric protection of the encapsulated squaraine dye while maintaining the squaraine's favorable photophysical properties of narrow absorption/emission bands, high molar absorptivity, and high fluorescence quantum yield. Previously, we have reported squaraine rotaxane probes that have one or two appended targeting ligands. 7 We now describe synthetic methods that attach multiple polyamine dendrons to a squaraine rotaxane core scaffold in high yield and produce dendritic architectures whose peripheries can be further functionalized. Access to these highly fluorescent dendrimers will allow us to develop a range of optical imaging technologies that employ multivalent targeting in cell culture and living animals.
The core squaraine rotaxane scaffold is the novel tetraalkyne 3 which was prepared in three steps using standard dye synthesis and rotaxane templated assembly methods (Scheme 1).
6 Squaraine rotaxane 3 exhibits similar photophysical properties (Table 1) as the parent squaraine dye 2 but much better chemical stability because the surrounding tetralactam macrocycle inhibits nucleophilic attack at the electrophilic C 4 O 2 center of the dye. The macrocycle is maintained over the dye by a combination of aromatic stacking interactions and bifurcated hydrogen bonds between the squaraine oxygens and the macrocyclic amide NH residues. At the start of this study, it was not obvious if this high level of steric protection would be maintained once polyamine dendrons were attached to the rotaxane scaffold.
The following results indicate that this structural change does not introduce any major stability problems. Both convergent and divergent synthesis methods were explored to convert the core scaffold 3 into dendritic architectures. 8 The convergent method involved coppercatalyzed azide alkyne cycloaddition (CuAAC) of tetralkyne scaffold 3 with Boc-protected azido lysine dendrons 4, 5, or 6 and subsequent removal of the Boc groups with TFA (Scheme 2).
9,10 The CuAAC reactions were conveniently monitored by TLC and by the loss of the alkyne signal at ∼2.5 ppm in the 1 H NMR spectrum. The reactions of scaffold 3 with azido dendrons 4, 5, and 6 under standard catalytic conditions (CuSO 4 /sodium ascorbate; CHCl 3 :H 2 O 1:1; room temperature) gave product yields of 100%, 81%, and 0%, respectively. Changing the catalyst to CuBr/tris(2-(dioctadecylamino)ethyl)amine 8n for the reactions of 3 with 5 and 6 improved the yields to 98% and 80%, respectively. In all three cases, the Boc groups were subsequently removed in quantitative yield to give the dendritic squaraine rotaxanes SR-G1, SR-G2, and SR-G3.
The divergent synthesis employs an interative series of reactions to build up the dendrimer in an expanding stepwise fashion. In this case, the chemistry involves a two-step cycle of amine coupling with Boc-protected lysine followed by removal of the Boc groups. The starting scaffold is SR-G1 with four peripheral amine groups. As shown in Scheme 3, the first reaction cycle produced the dendrimer SR-G2 in 75% yield, and the second cycle produced SR-G3 with 16 peripheral amines in 42% yield. Repeated attempts to synthesize the next generation SR-G4 by this divergent methodology were unable to produce a reasonable yield of pure product. A significant drawback with this divergent synthesis pathway was undesired squaraine decomposition Scheme 1. Syntheis of Squaraine Rotaxane 3 during the amide bond formation process. The coupling reactions were conducted in DMF, a polar organic solvent that disrupts the hydrogen bonds and stacking interactions within the squaraine rotaxane scaffold and transiently exposes the electrophilic C 4 O 2 center of the squaraine dye to nucleophilic attack by the attached amines. Overall, the convergent method is a more efficient strategy for synthesis of dendritic squaraine rotaxanes with attached polyamine dendrons. Dendrimers SR-G1, SR-G2, and SR-G3 with 4, 8, and 16 peripheral ammoniums, respectively, are highly water-soluble compounds that exhibit the typical excellent fluorescent properties of squaraine rotaxanes (Table 1 ). The quantum yields of ∼0.19 in water are quite good considering that unprotected squaraine dyes are severely quenched by aqueous solvent (Table 1 illustrates the quenching effects of water). In addition, the absorption spectra show no band broadening indicating that these dendrimers do not aggregate in aqueous solution. Typically, dendrimers with fluorescent cores exhibit photophysical properties that vary as the dendrimer generation increases due to enhanced isolation of the core from the solvent. However, the photophysical properties for squaraine rotaxane polyamine dendrimers hardly change with dendrimer generation because in each case the squaraine dye is encapsulated inside a tetralactam macrocycle. This insensitivity to dendrimer generation is likely to be a useful feature in many quantitative imaging applications. High chemical stability is another desired property for many modern biological imaging applications, and therefore hydrolytic bleaching experiments were conducted to evaluate the stability of these dendritic polyamine squaraine rotaxanes. As shown in Figure 1 , the parent squaraine dye 2 was unstable in an aqueous solution containing serum and lost most of its blue color after 30 min. In contrast, the absorption spectra for 3, SR-G1, SR-G2, and SR-G3 were essentially unchanged over the same time period, and each had lost only a few percent of color after 24 h. The fact that steric protection of the encapsulated squaraine is greater in water than in DMF agrees with previous observations that polar aprotic solvents are more effective at disrupting the combined effects of hydrogen bonding and aromatic stacking interactions that hold the surrounding macrocycle over the electrophilic center of the squaraine dye.
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Another attractive feature with these squaraine rotaxane polyamine dendrimers is ready ability to synthetically alter the dendrimer surface functionality. Shown in Scheme 2 is the efficient conversion of the peripheral amines of SR-G1 and SR-G2 into guanidinium groups by reaction with commercially available 1,3-di-Boc-2-(trifluoromethylsulfonyl) guanidine followed by removal of the protecting Boc groups with TFA. The resulting dendritic polyguanidinium squaraine rotaxanes, SR-G1-Gn and SR-G2-Gn, are highly water-soluble and have the same excellent stability and photophysical properties as their amine precursors (Table 1) . Future studies will determine if they have different cell penetration capabilities.
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Squaraine rotaxane 3 is a versatile building block that can be conjugated with various biological targeting units using straightfoward CuAAC chemistry. Shown in Scheme 4 is the production of a tetramannose derivative that should have affinity for certain strains of bacteria.
13 Reaction of 3 with 2-azidoethyl-2,3,4,6-tetra-O-acetyl-R-D-manno-pyranoside, 7, 14 gave the desired conjugated product in 97% yield, which was then deprotected with NaOCH 3 to give SR-G1-Mn in 85% yield. It is notable that the squaraine rotaxane core survived exposure with the highly basic and nucleophilic NaOCH 3 . Also shown in Scheme 4 is the synthesis of a tetravalent phosphatidylcholine derivative, SR-G1-PC, which was obtained in 63% isolated yield by conjugation of 3 with the known azido phosphatidylcholine derivative 8. 15 Multivalent phosphatidylcholine derivatives have recently been reported to target proteins that are implicated in inflammation and heart disease; 16 thus, fluorescent versions of these compounds, such as SR-G1-PC, may be useful as imaging probes.
In summary, the squaraine rotaxane scaffold 3 is readily converted into a range of dendritic architectures using highyielding CuAAC chemistry. The polyamine versions can be further functionalized to produce multivalent deep-red fluorescent probes that exhibit high brightness and outstanding chemical stability. Fluorescence microscopy and imaging studies that utilize these fluorescent dendrimers as molecular probes will be reported in due course.
